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ABSTRACT: Organic solar cells (OSCs) fabricated from ternary blend thin film absorbers are
designed to maximize the range of absorption in the solar spectrum and thus increase the short-circuit
current density (Jc) of the device. Herein, we report OSCs formed with two different compositions of
ternary blend thin films comprising two electron donors and one acceptor, namely, PTB7-Th/
PCDTBT/IT4F and PTB7-Th/PBDB-T/IT4F. We evaluate the role of Forster resonance energy
transfer (FRET) and blend morphology to achieve composition-dependent device performance. We [§l - — =
observed >10% increment in Jsc for both the ternary blends as compared to that for the PTB7-
Th:IT4F binary blend, resulting in an enhanced power conversion efficiency (PCE) up to 10.34% for
the PTB7-Th:PBDB-T:IT4F blend. We provide evidence that the two foremost parameters that
control the PCE are blend morphology and FRET between donor components. The improved exciton
generation rate for PCDTBT-based ternary blends was achieved, suggesting effective contribution of
FRET toward enhanced device photocurrent, whereas the PBDB-T-based ternary blend excelled
mainly due to suppressed carrier recombination as a result of favorable orientation with PTB7-Th/

IT4F.
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1. INTRODUCTION

Organic solar cells (OSC) are one of the emerging photo-
voltaic technologies because they offer the prospect of
semitransparency, solution processability, roll-to-roll produc-
tion, and lightweight devices.' ™ Concerted efforts in design
and synthesis of new donor materials, introduction of non-
fullerene acceptors (NFA), and morphology control have led
to a steady increase in the power conversion efficiencies (PCE)
to more than 17%."”” NFAs, as replacement acceptors for
tullerenes, are key to this efficiency improvement because of a
wider absorption window in the solar spectrum, a greater
degree of control over band gap, and better morphological
properties.'°~"? In the recent past, ternary blend organic solar
cells (TBSCs) have been utilized to augment the light
harvesting efficiency across the solar spectrum. The TBSCs
are comprised of either two donors and one acceptor (D1/D2/
A) or two acceptors and one donor (D/A1/A2) and have been
able to deliver PCEs of ~17%, which are higher than those of
their respective best performing binary counterparts.'*~'® The
enhancement in PCEs of both binary and ternary blend solar
cells is attributed to four important parameters: (i) increased
open-circuit voltages (V) by reducing the voltage loss due to
nonradiative recombination to as low as 0.17—0.23 eV with
newly developed NFAs, ' (ii) improved short-circuit
current densities (Jgc) because of incorporation of NFAs
with higher extinction coefficients extending to the near-
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infrared (NIR) region (complementary to donor polymer
absorption), which contribute substantially to the photo-
current generation in the wider spectral range,®'**" (iii)
optimal offsets between the lowest unoccupied molecular
orbitals (LUMO) of donor and acceptor moieties to
simultaneously minimize the charge-transfer loss in V¢ and
maximize the exciton dissociation,”’ and last (iv) the charge
extraction has been enhanced by the coordinated effect of
choice of better hole/electron transport layers and superior
interface engineering which has helped the fill factor (FF)
reaching close to 80%.” Nevertheless, the performances of
these excitonic solar cells are far below the Shockley—Queisser
limit, and there is full potential for improvement with the
advent of novel D—A systems and minimizing the loss
pathways.'*>*??

Utilizing fundamental photophysical processes such as
Forster resonance energy transfer (FRET) to harvest more
excitons has been proved to be beneficial in many TBSCs.”*™*°
In addition, FRET has been effectively utilized to improve the
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Figure 1. (a) Molecular structures of the three polymer donors, PTB7-Th, PCDTBT, and PBDB-T, and one small molecule acceptor, IT4F. (b)
Energy level diagram of the four components showing alignment of frontier molecular orbitals with respect to the vacuum level to facilitate charge
transfer upon light illumination. (c) Electronic absorption spectra of neat components (solid lines) and their corresponding PL spectra (dotted
lines). The overlap of PL spectra of PCDTBT and PBDB-T with the absorption spectrum of PTB7-Th is evident. (d) Absorption spectra of the
ternary blends showing extended spectral coverage until NIR by virtue of the non-fullerene acceptor IT4F. The weight ratio of PTB7-
Th:PCDTBT:IT4F is 0.95:0.05:1, and that of PTB7-Th:PBDB-T:IT4F is 0.5:0.5:1.

device efficiencies by facilitating long-range exciton ener
transfer in both multilayer and bulk heterojunction OPVs.*'
FRET has been used effectively to minimize recombination
losses both in active layer and in electron transport layer.**~*°
In addition, the morphology of active layers can be tuned to
have optimal nanoscale phase separation to facilitate exciton
dissociation by addition of the third component which exhibits
FRET with either D or A molecules.””

In TBSCs, if the third component has a dominant charge
transfer mechanism, then the Vi is affected, whereas if it is an
energy transfer mechanism, then the impact on Vy¢ is
negligible.”” In many TBSC systems, both the charge transfer
and energy transfer (either Dexter or Forster type) processes
coexist in a single blend which complicates the Vic.”®
Depending on the nature of the third component, the active
layer can adapt parallel-like or alloy-like models which have
relaxed energy level constraints. In the parallel-like model, the
third component serves as donor (or acceptor) and works
independently with the existing donor (and/or acceptor).
Then the ternary blend can be viewed as two subcells mixed
together.”® In the alloy-like model, the third component forms
a homogeneous phase with one of the host components.®” In
this case, the other device parameters depend on physical
miscibility and chemical compatibility of the two donors (or
acceptors) in the ternary blend.””

To probe and disentangle the role of blend morphology and
resonance energy transfer, we investigated two ternary blend
systems where two donor polymers, PCDTBT and PBDB-T,
have been separately incorporated as third components in
blends containing PTB7-Th as the primary donor and IT4F as
the electron acceptor. We have established FRET between
binary systems of PCDTBT:PTB7-Th and PBDB-T:PTB7-Th
utilizing steady-state PL and transient absorption (TA)
spectroscopy measurements. Both the ternary systems yielded
higher PCEs than the control binary ones, and maximum PCEs
of 8.28% for PTB7-Th:PCDTBT:IT4F and that of 10.34% for
PTB7-Th:PBDB-T:IT4F were achieved. Although both the
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polymers (PCDTBT and PBDB-T) exhibit FRET with PTB7-
Th, we show the miscibility and phase morphology between
them in the ternary blend play a decisive role in dictating their
device performances. Both the binary and ternary blend OPVs
were optimized by varying weight ratio of donor polymers, and
we observed that only 5 wt % of PCDTBT with respect to
PTB7-Th was suflicient to attain optimal morphology to
deliver the highest PCE (8.28%), whereas incorporation of
equal wt % of PBDB-T yielded 10.34% PCE. We further
observed that the PBDB-T:PTB7-Th blends exhibited
composition tolerance, resulting in ~10% PCE for various
donor compositions because of better mixing of PBDB-T and
PTB7-Th as reported previously.” The device characteristics
were further analyzed to understand the origin of V¢, exciton
generation, dissociation, and charge collection probabilities in
operating conditions. Composition-dependent Vo was
observed in both PCDTBT- and PBDB-T-based TBSCs due
to formation of a homogeneous mixture. On the basis of
atomic force microscopy (AFM), grazing incidence X-ray
diffraction (GIXD) studies, and device characteristics, we
propose that the PTB7-Th and PBDB-T form a parallel-like
arrangement with IT4F, but PCDTBT forms an alloy with
PTB7-Th in the respective optimized TBSCs. The contact
angle measurements confirmed that PCDTBT is lying at the
interface of PTB7-Th and IT4F, thereby facilitating the charge
transfer at the interface. Suppressed bimolecular recombination
in PBDB-T-based TBSC as compared to its binary counter-
parts resulted in increased photocurrent and consequently
device efficiency. But the PCDTBT-based TBSC exhibited
improved exciton generation, which is a cumulative effect of
charge transfer, FRET between PCDTBT/PTB7-Th, and
favorable blend morphology.

2. RESULTS AND DISCUSSION

2.1. Molecular Structure and Photophysical Proper-
ties. The molecular structures of the four components, PTB7-

https://dx.doi.org/10.1021/acsaem.0c02179
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Figure 2. Transient absorption spectra at different intervals of time of (a) pristine PTB7-Th, (b) PTB7-Th:PCDTBT (50:50), and (c) PTB7-
Th:PBDB-T (50:50). The films were pumped at 530 nm (FWHM ~ 10 nm, pulse width ~ 100 nm) with a fluence of 0.8 xJ/cm? The PTB7-Th
exhibit GSB at 700 nm and SE at 750 nm. Both the blends show enhanced SE from the PTB7-Th, confirming the FRET between the polymers. (d)
Normalized kinetics of SE from the PTB7-Th in logarithmic time axis (note the linear break at 0.5 ps). In blends, the SE exhibits a slower rise

compared to pure PTB7-Th.

Th, PCDTBT, PBDB-T, and IT4F, utilized in two TBSCs are
shown in Figure la. The donor—acceptor (D—A) type of
structural arrangement in molecular backbones is a well-
established strategy in organic semiconductor to facilitate
intramolecular charge transfer and gain absorption in the near-
IR range.”® The control binary system is PTB7-Th:IT4F,
which forms a type II heterojunction for the efficient
photoinduced charge generation process. The third compo-
nent, either PCDTBT or PBDB-T, has a higher optical band
gap and cascading energy levels with respect to PTB7-Th for
the energy transfer process. In addition, PCDTBT has similar
LUMO energy as that of PTB7-Th, facilitating the electron
transfer process between PCDTBT, PTB7-Th, and ITA4F,
whereas PBDB-T has a similar highest occupied molecular
orbital (HOMO) energy as that of PTB7-Th, facilitating the
hole transfer process between PBDB-T, PTB7-Th, and IT4F
(Figure 1b). The HOMO/LUMO levels of all the components
were previously determined by utilizing cyclic voltamme-
try.'>*' =" Unidirectional electron transfer from PBDB-T to
PTB7-Th because of a large LUMO offset and bidirectional
hole transfer between PBDB-T/PTB7-Th has been reported in

12027

the literature.*” There have been reports on efficient hole/
electron transfer with very low energy offsets without
compromising charge carrier generation.m’40 Absorption
spectra of the individual components along with the photo-
luminescence (PL) spectra of the polymer donors are shown in
Figure Ic. Significant overlap of PL spectra of PCDTBT and
PBDB-T with the absorption spectrum of PTB7-Th raises the
possibility of FRET from either of the high band gap polymers
to the lower band gap PTB7-Th.

Absorption spectra of the ternary blends with broader
spectral coverage up to the NIR range are observed in both
cases (Figure 1d). However, the contribution of PCDTBT
towards the absorption of the best performing ternary blend is
marginal considering the optimal loading percentage is only
5% with respect to PTB7-Th. Significant absorption of the
PBDB-T based ternary blend in the visible part of the spectrum
is because of equal weight percentages of PTB7-Th and PBDB-
T in the optimal blend. The absorption spectra of binary and
ternary blends are shown in Figure 1d; improvement in
absorption at shorter wavelengths in both of the ternary blends
upon introducing the third component is evident. To identify

https://dx.doi.org/10.1021/acsaem.0c02179
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Figure 3. (a) Inverted solar cell architecture used for fabrication. (b) Current—voltage characteristics of binary and ternary blend photovoltaics
showing highest current density for both the optimized ternary blends. (c) External quantum efficiency spectra of all the blends. Variation of V¢
and Jgc of (d)PTB7-Th:PCDTBT:IT4F(e) PTB7-Th:PBDB-T:IT4F cells, weight ratios of PCDTBT and PBDB-T with respect to PTB7-Th by

keeping the combined donor to acceptor ratio of 1:1.

charge transfer from polymer donors to IT4F in binary and
ternary blends, steady-state PL spectra of the blends were
recorded by selectively exciting at 710 nm, corresponding to
the absorption maximum of PTB7-Th. The quenching of PL of
PTB7-Th is evident from Figure Sla with concomitant
emergence of PL from IT4F at 805 nm. This shows efficient
charge transfer from PTB7-Th to IT4F. The small hump near
805 nm corresponds to PL of IT4F which could be due to
direct excitation of IT4F at 710 nm. Upon incorporation of 5%
of the third component PCDTBT more than 97% of its PL was
quenched, demonstrating photoinduced electron transfer
between the three components as well as FRET between
PCDTBT and PTB7-Th, which is verified from control
experiments as discussed later. A similar trend was observed
for the PBDB-T-based ternary blend system upon excitation at
520 nm (Figure Sla). A small hump near 80S nm can be
observed in the PL from ternary blend which corresponds to
emission from IT4F. The PL of PCDTBT and PBDB-T was
effectively quenched upon addition of IT4F in equal quantity,
suggesting effective photoinduced electron transfer and partial
energy transfer because of overlap of emission spectra of
PCDTBT/PBDB-T with the absorption spectrum of IT4F
(Figure S1b). In summary, the PL quenching experiments
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indicated the presence of both charge and energy transfer
among the active layer components.

To establish FRET from PCDTBT to PTB7-Th independ-
ently, PL of the blends with varying ratio of PCDTBT and
PTB7-Th was recorded by exciting the blend at 520 nm. A
quantitative quenching of PL of PCDTBT was observed along
with increase in sensitized emission from PTB7-Th (Figure
S1c).** A similar trend was observed for PBDB-T:PTB7-Th
blends (Figure S1d).*” The PL quantum yield (PLQY) is
another important parameter that gives an idea about charge/
energy transfer between different chromophores.*> Table S1
lists the quantum yields (QY) of neat polymers and binary
blend films. To measure the PLQY of the neat and blend films,
extra care was taken to prevent overestimation.’® All the film
thicknesses were kept similar (within a difference of S nm),
and films were encapsulated to prevent any degradation. The
slit bandwidths and excitation power of the laser were the same
throughout. The increase in PLQYs of the blends with
increased amounts of PCDTBT or PBDB-T indicates FRET
between them. The FRET distances (R,) between the
polymeric pairs were calculated by using the dipolar
approximation, the details of which are given in the Supporting
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Table 1. Device Parameters of All the Optimized Blends Measured under 1 sun Illumination in Ambient Conditions Using an

Intensity Calibrated AM1.5G Spectrum”

Jsc (mA/cmZ)
16.42 (16.25 + 0.55)
3.81 (3.32 + 0.32)
18.08 (17.51 + 0.76)
19.60 (19.25 + 0.46)
21.75 (21.48 + 0.50)

Voc (V)
0.685 (0.684 = 0.005)
0.855 (0.921 + 0.039)
0.677 (0.674 + 0.004)
0.734 (0.730 + 0.003)
0.692 (0.684 + 0.004)

active layers
PTB7-Th:IT4F
PCDTBT:IT4F
PTB7-Th:PCDTBT:IT4F
PBDB-T:IT4F
PTB7-Th:PBDB-T:IT4F

Ry, thickness
FF (%) PCE (%) (kQ-cm?) (nm)
69.70 (68.17 + 1.28)  7.84 (7.58 + 0.24) 0.77 71.7
28.66 (27.88 + 0.81)  0.93 (0.85 + 0.07) 0.26 107
67.64 (67.75 + 1.97)  8.28 (8.00 + 0.23) 0.69 66.9
67.85 (66.50 = 1.23)  9.76 (9.34 + 0.30) 0.84 75.6
68.73 (69.09 + 1.13)  10.34 (10.15 + 0.16) 9.15 93

“The weight ratios of all the binary blends are 1:1, PTB7-Th:PCDTBT:IT4F = 0.95:0.05:1, and PTB7-Th:PBDB-T:IT4F = 0.5:0.5:1.

Information. Ry for PTB7-Th:PCDTBT was 4.1 nm, whereas
that of PTB7-Th:PBDB-T was 3.1 nm.

To understand the FRET process, we utilized TA spectros-
copy on these films. Probing spectral evolution of excited-state
species at ultrafast time scales provides the dynamics of the
energy and charge transfer processes. Here, we compared the
TA data of pristine PTB7-Th and polymer blends PTB7-
Th:PCDTBT and PTB7-Th:PBDB-T having 50:50 weight
ratio. All the films are excited at 530 nm (FWHM ~ 10 nm,
pulse width ~ 100 fs) by using an optical parametric amplifier
(TOPAS) with a pump fluence of 0.8 xJ cm™2. A low excitation
density (below 1 uJ/cm? per pulse) is used to avoid
annihilation processes of excited species and to simulate the
solar cell operation conditions. The FRET acceptor, PTB7-Th,
has a lower absorption coefficient (1/3 times) at 530 nm when
compared to FRET donors PCDTBT and PBDB-T. Nonethe-
less, all the polymers can be excited by using a 530 nm pump.
Figures 2a—c show the TA spectra in the range 550—770 nm at
different intervals of time. In the pristine PTB7-Th, we observe
positive bands at 700 and 640 nm, corresponding to ground-
state bleach (GSB) consistent with the steady-state absorption
(Figure 2a). Also, there is a positive shoulder arising at 750 nm
corresponding to the stimulated emission (SE) of PTB7-Th.
Similarly, the GSB and strong SE signals of pristine PCDTBT
are observed at 580 and 700 nm, respectively (Figure S2a),
whereas, for the pristine PBDB-T, the GSB is at 630 nm and
the SE is masked by the photoinduced absorption (PIA) signal
(Figure S2b). The strong SE signal in the PCDTBT compared
to PBDB-T is consistent with the high PLQY of PCDTBT
(Table S2). These features are retained in the 50:50 blends as
shown in the Figures 2b,c. In the PTB7-Th:PCDTBT blend,
the positive band at 700 nm (combined signal from GSB of
PTB7-Th and SE of PCDTBT and vibronic band of PTB7-Th)
is twice that of the 580 nm band (GSB of PCDTBT) from the
early time (within 100 fs).

This is due to the fast energy transfer process for this blend
(1.8 ps) and indicates that the PTB7-Th and PCDTBT are
intermixed with domain sizes less than Forster radius. In the
PTB7-Th:PBDB-T blend, the GSB of PBDB-T decreases with
simultaneous increase in GSB of PTB7-Th up to tens of
picoseconds. This suggests that the PTB7-Th and PBDB-T are
phase-separated, and the rate of energy transfer is limited by
exciton diffusion. The kinetics extracted from GSB arise from
both radiative and nonradiative processes. Hence, to establish
the FRET process unambiguously, we monitored the kinetics
of SE of PTB7-Th (FRET-acceptor) at 750 nm in the blends.
In both the films the SE feature of PTB7-Th is enhanced,
confirming the FRET process at early times. Figure 2d
represents the normalized kinetics of SE of PTB7-Th; note the
x-axis is plotted in logarithmic scale with a linear break at 0.5
ps. Both the blends exhibit slow growth compared to pristine
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PTB7-Th at a rate of 1.8 and 8.2 ps for PTB7-Th:PCDTBT
and PTB7-Th:PBDB-T, respectively. This further confirms
that both the blends are FRET active with different energy
transfer rates due to different blend morphology. Following on,
we calculated the efficiency of FRET using the equation”

Ey

E = —-——

R+ R (M
where, F, and F, are the PLQY of FRET donor and acceptor,
respectively. The PLQY and Eppgyp values for different neat
materials and blends are tabulated in Table SI1 of the
Supporting Information. In both systems, increasing the
donor ratio increases the Epppr. The 50:50 blends of PTB7-
Th:PCDTBT and PTB7-Th:PBDB-T exhibit Egpgy of ~27%
and ~50%, respectively. Egger for the optimized blend ratio of
95:5 PTB7-Th:PCDTBT shows 14%, and for the 80:20 PTB7-
Th:PBDB-T blend Egggy is 33%. These results suggest that the
polymers under study act as efficient FRET donor and
acceptor systems, and in the subsequent section we will discuss
the charge generation, transport, and collection of free charges
in the TBSCs.

2.2. Device Characteristics. Both binary and ternary
blend organic solar cells were fabricated in inverted
architecture devices (Figure 3a). PTB7-Th:IT4F, PBDB-
T:IT4F, and PCDTBT:IT4F cells were used as control devices
to correlate with the performances of the ternary blends. The
ternary blend comprised of PTB7-Th, PBDB-T, and IT4F
delivered a highest PCE of 10.34% when blended in the
0.5:0.5:1 ratio by weight, respectively. PCDTBT when added
in 5 wt % with respect to PTB7-Th delivered a maximum PCE
of 8.28%. PBDB-T:IT4F yielded 9.76% PCE, which is on par
with the reported values in the recent literature.”” PTB7-
Th:IT4F yielded 7.84% PCE, whereas PCDTBT:IT4F fared
poorly because of poor morphology, which is discussed in later
sections, and the resulting PCE was <1%. The average and best
device parameters of all the blends, both binary and ternary,
are tabulated in Table 1. PTB7-Th:IT4F and PBDB-T:IT4F
interfaces were very efficient in charge generation, giving high
current densities for both of them, whereas either of the PTB7-
Th:PCDTBT/PBDB-T interfaces, by themselves, is unable to
separate charge carriers as have been discussed in pre-
viously.*** From the J—V curves of all the blends in Figure
3b and Table 1, it can be seen that the Jgc of both the ternary
blends are substantially higher than their best-performing
binary counterparts. This can be attributed to the cumulative
effect of improved sunlight absorption, resonance energy
transfer, and balanced carrier extraction in ternary blends. The
integrated Jg. values from EQE spectra (Figure 3c) were
slightly less than the measured Jsc values within 7% errors,
which may be due to the performance decay of the cells
without encapsulation for EQE measurement. If the optimized

https://dx.doi.org/10.1021/acsaem.0c02179
ACS Appl. Energy Mater. 2020, 3, 12025—12036


http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c02179/suppl_file/ae0c02179_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c02179/suppl_file/ae0c02179_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c02179/suppl_file/ae0c02179_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c02179/suppl_file/ae0c02179_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsaem.0c02179/suppl_file/ae0c02179_si_001.pdf
www.acsaem.org?ref=pdf
https://dx.doi.org/10.1021/acsaem.0c02179?ref=pdf

ACS Applied Energy Materials

www.acsaem.org

1.0

= PTB7-Th:AT4F A 20.099 « PTB7-ThIT4F 48 100 | —— PTB7-Th:PCDTBT:IT4F
¢ PBDB-T:IT4F a 730 ° PBDB-T:IT4F o8 5‘ —— PTB7-Th:PBDB-T:IT4F
094 . pPCDTBT:IT4F Ve <91 4 PCDTBT:ATAF oY —— PTB7-Th:IT4F
v PTB7-Th:PCDTBT:IT4F 272] v PTB7-Th:PCDTBT:T4F y A 3. |—eeosTimar
0s8d * PTB7-Th:PBDB-T:IT4F * "1 + PTB7-Th:PBDB-T:IT4F ‘ “‘ © 1074 —— PCDTBT:IT4F
. £ 1.004 R ©
> A o . & 3
S~ pe o ® 2 £ c
© 0.7 4 P 0.37 4 § ® 102
(=] o ® " & £ v o
> . . s ¢ ~ =
= ©0.14 4 s
0.6 2 v 5 A e 1 27 N L
. ’ 0054 L 102 R
054 v 002{ "
o 1 i
A (a) p (b) . , o )
100 272 739 2009 54.60 148.41 0.05 037 2.72 20.09 148.41 11 12 13 14 15 16 17 18 19
Intensity (mW/cm?) Intensity (mW/cm?) Energy (eV)
() [ r— (O]
o M
104 7 ey
o4 Ll
X
- ¥ 4 v
A
5 ’ 3 o
L ]
< v 2 014
£ 11 = s = v
= = PTB7-Th:IT4F =
- o PBDB-T:IT4F = PTB7-Th:IT4F
A PTB7-Th:PCDTBT:IT4F e PBDB-T:IT4F
v v PTB7-Th:PBDB-T:IT4F A PTB7-Th:PCDTBT:IT4F
014 o014 v PTB7-Th:PBDB-T:IT4F
0.01 0.1 1 0.01 0.1 1
Ve" (V) veff (V)

Figure 4. (a) Light intensity dependent (a) V¢ plot and (b) Jsc plot of all the optimized binary and ternary blend OPVs. (c) Photothermal
deflection spectra of all the optimized blends; the dotted lines show Gaussian fitting to extract CT state energies. (d) Vg vs Jon of both binary and

optimized ternary blends. (e) Vg vs Jon/Jsae of the same blends.

PTB7-Th:PCDTBT:IT4F (0.95:0.05:1) blend is considered,
then the effect of improved absorption is less, considering that
effectively 2.5 wt % of PCDTBT is in the blend, and the
absorption spectra of ternary blend and that of binary blend
(Figure 1d) show very little difference in the 500—600 nm
range corresponding to PCDTBT absorption. FRET is present
between PCDTBT:PTB7-Th, but considering the concen-
tration of PCDTBT in the resulting blend, one would expect
little contribution of FRET in boosting the current density.
The EQE of the ternary blend (Figure 3c) shows enhanced
contribution from all the three components, emphasizing the
contribution of a third component in generating photocurrent.
Simultaneously, PCDTBT could be improving the charge
extraction by balancing the charge mobility and enhancing the
exciton dissociation by residing at the interface between PTB7-
Th and IT4F, thereby suppressing bimolecular recombination.
This is supported by the SCLC hole and electron mobilities as
shown in Table S2. The J—V plots of all the optimized blends
in hole-only and electron-only devices are shown in Figures S4
and SS. The higher carrier mobilities in the PCDTBT-based
ternary blend mean reduced charge recombination and hence
enhanced photocurrent. The shunt resistance (Ry,) of PTB7-
Th:PCDTBT:IT4F is lower than that of PTB7-Th:IT4F,
which could be the result of coarser film morphology as will be
discussed in the following section. The improved Ry, for the
PTB7-Th:PBDB-T:IT4F signifies lower leakage current and
lower recombination as compared to the binary devices. In the
case of PTB7-Th:PBDB-T:IT4F blend, the highest efliciency
of the optimized blend with equal wt % PTB7-Th and PBDB-T
is 10.34% with a Jsc of 21.75 mA/cm® The improvement in Jgc
can be attributed to improved spectral coverage, which is
evident from EQE spectra in Figure 3¢, and efficient FRET
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between PTB7-Th and PBDB-T (1:1), which was established
in the previous section. From the EQE spectra, the
contribution from all the three components in improving the
EQE toward 80% is very clear.

The device characteristics of TBSCs were investigated with
varying donor compositions. The V¢ and Jsc of the ternary
blends were plotted as a function of donor compositions in
Figure 3d. It is observed that the Vi and Jsc values of PTB7-
Th:PCDTBT:IT4F ternary blend show a strong composition
dependence as compared to PTB7-Th:PBDB-T:IT4F blends.
In the case of PTB7-Th:PCDTBT:IT4F, Vyc decreases
marginally upon increase in concentration of PCDTBT until
the equal wt % of PCDTBT and PTB7-Th and rises at higher
PCDTBT concentration as the device is controlled by the
PCDTBT:IT4F heterojunction. The Jsc, largely dependent on
successful charge extraction and favorable morphology,
increases until 20% PCDTBT but then decreases rapidly as
the concentration of PCDTBT became higher and higher. It
was clear from the poor performance of PCDTBT:IT4F that
PCDTBT does not yield compatible morphology with IT4F
despite the favorable energetics, which is well evident from the
AFM images shown in a later section. Hence, with only 5%
PCDTBT, optimal performance was achieved. The blends with
a higher amount of PCDTBT did not perform well although
the FRET between PTB7-Th and PCDTBT becomes efficient
with a higher amount of PCDTBT (Tables S1 and S3). This
gives an important conclusion that FRET is necessary but not
sufficient enough to boost the device performance because of
the larger role played by blend morphology. However, the case
of PTB7-Th:PBDB-T:IT4F was different because either of the
donors is very compatible with IT4F and delivers higher PCEs.
The V¢ of the optimal blend, ie., that with 1:1 PTB7-
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Th:PBDB-T, is 0.692 V. The HOMO levels of both PTB7-Th
and PBDB-T have only a 30 meV offset, and a parallel-like
arrangement of the two donors with IT4F is very much
possible to pin the Vi to the material with a higher HOMO
level (here it is PTB7-Th).'**® It is noteworthy to mention
that the ternary blends consisting of varied percentages of
PBDB-T performed well, and the Js- values for all the ratios
were above 20 mA/cm?® (Table S4), suggesting that PTB7-Th
and PBDB-T exhibit favorable morphology with the IT4F
along with an additional energy transfer pathway between
them.

2.3. Study of Charge Recombination. Light-intensity-
dependent device characteristics give a qualitative picture
about the operating recombination loss mechanisms in solar
cells. At open circuit conditions, as all the photogenerated
charge carriers are forced to recombine, V¢ as a function of
intensity (I) provides an idea about the underlying
recombination mechanisms (Figure 4a). The plot of V¢ vs
In(I) gives a slope equal to n(kzT/q), where n is the ideality
factor of the diode. If n is close to unity, then the bimolecular
recombination is the dominant loss mechanism at open circuit
conditions. If n is close to two, monomolecular or Shockley—
Read—Hall type recombination is dominant.*” As can be seen
from Table S5, the PTB7-Th:IT4F-based cell has n equal to
1.05, which means the majority of recombination loss is
occurring through the bimolecular mechanism. The
PCDTBT:IT4F blend has a very high n value of 4.24,
indicating that the blend is suffering from traps or defects and
trap-assisted monomolecular recombination is dominant.
PBDB-T:IT4F has a n value of 1.35, which indicates that
there might be monomolecular recombination along with
dominant bimolecular recombination.*”*" In the ternary blend
based on PCDTBT, the n value is around 1.52, suggesting the
recombination mechanism is a mixture of monomolecular and
bimolecular. In contrast, the PBDB-T-based ternary blend (n =
1.18) exhibits bimolecular recombination as dominant loss
mechanism. The slope (a) of Jsc vs light intensity, both
plotted in logarithmic scale, if close to unity, reflects about
weak bimolecular recombination at short circuit and shows
that all the generated carriers are swept out prior to
recombination.”’ ~>* The intensity vs Jsc plots for all the
binary and ternary blends are shown in Figure 4b. If @ < 1,
then it could be due to bimolecular recombination,”® space
charge effects,” variations in mobility between hole and
electron, or variation in the continuous distribution in the
density of states.”” In our case as can be seen from Table S5
that all the binary and ternary blends have a < 1, which can be
attributed to the variation in electron and hole mobilities as
inferred from the SCLC measurements (Table S2).

To understand more about the recombination mechanism in
both the ternary blends, we plotted current—voltage character-
istics of both the ternary blends for incident light intensities
ranging from 1 to 100 mW/ cm?, as shown in Figure S6. The
photogenerated current density (Jyhoo(I,V)) can be derived by
subtracting the current density in the dark from the total
current density flowing through the cell.*® From Figures S6a
and S6b, it is clear that the current density becomes
independent of the applied voltage around —0.4 V (reverse
bias). Therefore, the reverse saturation current can be assumed
as Johoto(V' = —0.4 V), and the charge collection probability
Pc(LV) can be given as
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Jopoto @ V)
P(I, V) = _ ‘photo¥? 77
Joporo (1) —0:4V) @
The charge collection probabilities of PTB7-

Th:PCDTBT:IT4F and PTB7-Th:PBDB-T:IT4F are shown
in Figure S7. The change in recombination kinetics with
voltage, evolving from first order (monomolecular) in carrier
density at short circuit to second order (bimolecular) near
open circuit, was evident for PTB7-Th:PCDTBT:IT4F-based
TBSC (Figure S7a). In contrast, bimolecular recombination
was found to be a dominant loss mechanism for PTB7-
Th:PBDB-T:IT4F-based TBSC as evident from Figure S7b.
This was supported by the intensity-dependent studies of both
the blends which showed n values in between 1 and 2 for
PCDTBT-based TBSC and n values close to 1 for PBDB-T-
based TBSC. Both the blends maintained high charge
collection probabilities near the short circuit, which shows
that these blends’ internal quantum efficiencies (IQE) are very
high.

2.4. Exciton Dissociation and Charge Collection. To
understand more about the exciton dissociation and charge
extraction processes, we plotted the photogenerated current
density (J,,) versus effective voltage (V,g) for all the blends,
where ], is defined as Jighe — Jaaro and the Vg = Vo — V. Jygp is
the current density under illumination, Jg,; is the current
density in the dark, Vj, is the voltage at which ], = Jp, and V'is
the applied external voltage (Figure 4d). The charge collection
probability, P(E,T), is defined as J,;,/J, which is the same as
Pc(I,V) discussed in the previous section. The charge
collection probabilities at short circuit as well as at maximum
power point extracted by using this are tabulated in Table S5
for all the blends except PCDTBT:IT4F because of the ohmic
nature of its J—V curve. The P(E,T) values for ternary blends
are within 1% of the previously calculated values. As compared
to the binary blends, both the ternary blends have higher
charge collection probabilities. As the exciton dissociation and
charge extraction processes are closely related to P(E,T),
higher P(E,T) values signify more efficient exciton dissociation
and charge extraction processes.'**”*” Upon introduction of
PCDTBT or PBDB-T in the PTB7-Th:IT4F blend, the
enhanced D/A interface suppressed geminate recombination
and enhanced the free charge generation, thereby resulting in
improved Jgc for both the ternary blends. At maximum power
output point, the P(E,T) for both the ternary blends were
higher than their respective binary ones, which signifies that
the charges are being collected efficiently upon dissociation
(Figure 4e).”” Another important parameter is the maximum
exciton generation rate (G,,,), which can be calculated via the
equation

Jat = €Grmar (©)
where e is the electronic charge and L is the active layer
thickness. The active layer thicknesses of all the optimized
blends are shown in Table 1. From Table S4, the G,,,, of the
PCDTBT-based ternary blend is higher than that of PTB7-
Th:IT4F, but for the PBDB-T-based ternary blend, the G,,,, is
1.46 X 102 cm™ s7!, which is the same as that of PTB7-
Th:IT4F but lower than that of PBDB-T:IT4F. This could be
due to the fact that the optimized thickness of the PTB7-
Th:PBDB-T:IT4F blend was higher than that of PBDB-
T:IT4F. Therefore, for the PBDB-T-based ternary blend, the
exciton generation rate is comparable to that of the control
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Figure 5. AFM height images of (a) PTB7-Th:IT4F (1:1), (b) PTB7-Th:PCDTBT:IT4F (0.95:0.05:1), and (c) PTB7-Th:PBDB-T:IT4F
(0.5:0.5:1) (the RMS roughness values are shown as insets). The corresponding phase images are in the same order from (d) to (f).

binary ones. This signifies that the FRET does not play a
prominent role in this case in generating more excitons, unlike
the PCDTBT-based TBSC. Hence, the improvement in
photocurrent in the case of PBDB-T-based TBSC can be
attributed to lower recombination as suggested by the high
value of Ry, (Table 1). The G, of all the binary and TBSCs,
except PCDTBT:IT4F, are comparable, signifying that the
exciton generation rate is not compromised upon addition of
third component; rather, it is marginally enhanced for the
blend based on PCDTBT, which can be attributed to FRET
and improved blend morphology as will be discussed later.

2.5. Charge Transfer State and Voltage Loss. The low
oscillator strength of CT absorptions usually shows up as a
hump in the lower energy tail of blend absorption spectra, and
we measured it here using photothermal deflection spectros-
copy (PDS) (Figure 4c). We performed Gaus51an fitting to
extract the energy of CT state maxima (Ecr)”’ along with the
reorganization energy (1) involved (Figure 4c). The difference
between Ecr and gV is the energy loss resulting from both
radiative and nonradiative recombination. Table S6 depicts the
values of Ecr, 4, and energy loss of all the optimized binary and
ternary blends along with the equation used for fitting the
spectra. The photothermal deflection spectrum of PTB7-
Th:IT4F resembles that of PTB7-Th:PCDTBT:IT4F (Figure
S8a). Both the systems have similar A and Vi values; the Ecp
and voltage losses are very similar, too. This implies that the
introduction of low amounts of PCDTBT did not affect the
interfacial CT state; instead, it formed an alloy with the
primary donor PTB7-Th. Although the PDS of PBDB-T:IT4F
resembles with that of PTB7-Th:PBDB-T:IT4F (Figure S8b),
the introduction of PBDB-T lowered the reorganization energy
of the resulting ternary blend and raised the Ecp to 1.38 eV.
However, for PCDTBT:IT4F, the CT state could not be
extracted from the PDS spectrum (Figure 4c).

2.6. Morphology Characterization. The blend morphol-
ogy was characterized by using atomic force microscopy. The
binary blend of PTB7-Th:IT4F shows a smoother surface with
RMS roughness R, = 0.84 nm (Figure Sa). When PCDTBT
(2.5 wt % of total) is incorporated in the PTB7-Th:IT4F
blend, the roughness of the resulting ternary blend increased
marginally, and the phase image shows a high degree of
miscibility between the components, which suggests that a
little amount of PCDTBT could just be facilitating efficient
charge transfer and energy transfer without disrupting the local
morphology (Figure Sb,e). The height and phase images of the
binary blends PCDTBT:IT4F and PBDB-T:IT4F are shown in
Figure S9a,b,d,e. The PCDTBT:IT4F showed phase-separated
domains which corroborates with its poor device performance,
whereas PBDB-T:IT4F has high roughness as reported
previously in the literature.”” For the films having 25 wt %
of PBDB-T (compared to total) incorporated in PTB7-
Th:IT4F, both the height and phase images (Figure Sc,f)
clearly show phase pure domains, although the surface RMS
roughness doubled as that of PTB7-Th:IT4F. To see the effect
of polymer weight percentage ratio, we recorded AFM height
and phase images of PTB7-Th:PBDB-T:IT4F (0.8:0.2:1), and
not surprisingly, the roughness of that was very similar to that
of the 0.5:0.5:1 blend (Figure S9c). The phase image showed
interpenetrating networks like the 0.5:0.5:1 blend which
helped deliver more than 10% PCE (Figure S9f).

The blend crystallinity was characterized by using grazing
incidence X-ray diffraction (GIXD) (Figure 6). Figure 6a
shows data from the binary blend PBDB-T:IT4F exhibiting a
pronounced out-of-plane stacking (g, = 3.14 nm™'). This
corresponds to the stacking of pure PBDB-T.*® Upon
intermixing of PTB7-Th (Figure 6b—d), the out-of-plane
stacking shifts to g, = 3.83 nm™'. We find that this is not a
gradual shift, but instead, we find two distinct lattice spacings,
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Figure 6. GIXD data of PTB7-Th:PBDB-T:IT4F in mixing ratios (a) 0:1:1, (b) 0.2:0.8:1, (c) 0.5:0.5:1, and (d) 0.8:0.2:1 and data from PTB7-
Th:PCDTBT:IT4F in mixing ratios (e) 0:1:1, (f) 0.5:0.5:1, (g) 0.95:0.05:1, and (h) 1:0:1. Cuts through the GIXD data of PTB7-Th:PBDB-
T:IT4F shown in the left panel in different mixing ratios. (i) Integration along the out-of-plane direction (q,) neglecting data with nonzero in-plane
component. (j) Integration along the in-plane direction (q,) at g, = 0. (k) Radial intensity profile at g = 3.15 nm™" with 0° corresponding to g,=0.

which is also clear from the integration along the g -axis
(Figure 6i). In addition, we attribute the reflection at q, = 3.14
nm~! to phase separating pure PTB7-Th domains.”” There-
fore, we conclude that the PBDB-T and PTB7-Th do not form
a mixed stacking but exist in separate domains, as inferred from
device characteristics and AFM images discussed previously.
From the radial profiles at g, = 3.14 nm™' (Figure 6j) we
observe that the mosaicity (orientational domain distribution)
is largest for intermediate mixing ratios 1:0.5:0.5 in the ternary
blend. In addition, we find the reflection corresponding to the
in-plane stacking (g, = 3.14 nm™"), which is relatively weak
and broad in the binary PBDB-T:IT4F mixture to sharpen and
intensify upon addition of PTB7-Th (Figure 6k). From this
observation, we conclude that the in-plane stacking quality for
high ratios of PTB7-Th in the ternary blend is strongly
improved, and hence for the higher ratio of PTB7-Th, we
observed optimal device performances.

In comparison to ternary blends of PTB7-Th:PBDB-T:IT4F,
which show relatively strong crystalline order, we find only

very weak ordering in PTB7-Th:PCDTBT:IT4F mixtures
(Figure 6e—h). Instead of clear Bragg reflections, we find here
a diffuse halo in the range of q¢ = 2.0—3.0 nm™' without a
preferred distribution. This feature is consistent with phase-
separated pure PTB7-Th.”’ Its intensity increased for lower
PCDTBT content, and because no Bragg reflection from
PCDTBT is observed, we conclude that the PCDTBT is not
structurally well ordered. The observation of a similar
diffraction pattern from PTB7-Th:IT4F (Figure 6h) and the
optimized blend PTB7-Th:PCDTBT:IT4F (0.95:0.05:1)
(Figure 6g) suggests that the inclusion of S wt % PCDTBT
in PTB7-Th:IT4F did not disrupt the packing but rather
helped in charge extraction, thereby increasing the photo-
current. We find a slightly different shape of the reflectivity
ridge along g, (qy = 0), which is likely based on the different
morphology and surface properties of the blend.

Finally, to understand the surface properties of the blends,
we performed contact angle measurements of water and
diiodomethane droplets on the pristine films of all the
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components (Figure S10). From the measured contact angles,
by using the Owens method,”” we determined surface energies
of the respective films. The interfacial surface energies were
then calculated following Neumann’s method.”’ Table S7
depicts the contact angles and calculated surface energy values
of the four materials. The wetting coefficients () of
PCDTBT, PBDB-T, and PTB7-Th were then calculated by
using Young’s equation.”” From the values of @, it was found
that PCDTBT indeed lies at the interface of PTB7-Th and
IT4F, thereby facilitating the charge and energy transfer. This
is in line with the results observed from AFM and GIXD
studies, and in the cases of PBDB-T and PTB7-Th, the wetting
coefficient values suggested that they both are dispersed in
IT4F domains, thereby promoting the FRET between the two
as supported by the TAS and device data discussed earlier. The
details of calculation are shown in the Supporting Information.

3. CONCLUSION

We have probed the role of FRET and blend morphology in
enhancing the PCE of two TBSCs containing polymer donors:
PCDTBT and PBDB-T. Our study shows that blend
morphology is playing a prominent role in enhancing the
device photocurrent in PBDB-T-based TBSC by reducing the
carrier recombination loss without compromising the exciton
generation. But in the case of PCDTBT-based TBSC, because
of morphological incompatibility of PCDTBT with IT4F, a
lower loading percentage of PCDTBT yielded optimum
performance. Because of this, FRET could not be manifested
to its full extent although the spectroscopic evidence
independently confirmed higher FRET efficiency between
PTB7-Th and PCDTBT with higher loading percentage of
PCDTBT. The device performances were analyzed to
understand the origin of V¢, exciton generation, charge
transfer, and charge collection probabilities in optimized binary
and ternary blends. All the blends except PCDTBT:IT4F
showed efficient and near unity charge generation and
collection. Upon incorporation of PCDTBT or PBDB-T in
the PTB7-Th:IT4F blend, the enhanced D/A interface
suppressed geminate recombination, hence improving exciton
dissociation and charge extraction in the resulting TBSCs. This
effect was very prominent in the case of PBDB-T and resulted
in highest PCE. The improved exciton generation rate in the
case of PCDTBT-based TBSC as compared to its binary
counterpart is a direct consequence of FRET between the
polymer donors and improved morphology. For PBDB-T-
based TBSC, it is cumulative effect of reduced carrier
recombination, increased carrier mobility, and improved
blend morphology which helped realize the highest device
efficiency. Insights from PDS, J—V data, and contact angle
measurements confirmed that PCDTBT is lying at the
interface of PTB7-Th and IT4F, thereby facilitating charge
transfer between the three; however, PBDB-T could be
forming parallel-like arrangement in the blend to achieve
effective charge and energy transfer. This was well corrobo-
rated from GIXD analysis and AFM studies. We conclude that
the blend morphology plays a dominant role in dictating the
photophysical processes such as FRET, and hence the resulting
device performance is limited by thin film morphology of the
ternary blend.
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